Leg length inequality (LLI) as a result of total hip replacement can cause considerable morbidity. Although LLI was described when the technique was popularised in the 1960s, it remains a significant challenge to arthroplasty surgeons. This study reviews the established practice for the measurement of LLI on plain antero-posterior radiograph, and compares these techniques to two methods used locally. The radiographs of 35 patients were measured using four techniques. All four methods yielded an interclass correlation co-efficient of ≥0.90 for inter reader reliability. This study shows that the four methods are comparable for reliability, while a composite method, measuring from the centre of femoral rotation to the inferior teardrop and then to the lesser trochanter, has the added advantage of providing extra information on component position as well as an overall measure of LLI.
INTRODUCTION
Leg length inequality (LLI) following an otherwise successful arthroplasty can result in considerable morbidity and patient dissatisfaction (1) (2) (3) . The association between LLI following total hip replacement is neither clear nor absolute however and there is little consensus regarding definition, measurement, extent, significance or patient perception (3) (4) (5) (6) . Although many cases are asymptomatic, complications, when they occur, include mechanical symptoms such as limp and early fatigue, lower back pain, pelvic tilt, other joint pain, nerve palsy, increased wear of the implant and dislocation (7) (8) (9) (10) (11) (12) (13) . Ultimately, symptomatic leg length inequality as a result of a total hip replacement may require a revision operation, with all of the associated risk and further morbidity (11) . Initial assessment of leg length inequality is typically undertaken clinically by tape, ruler or block measurement of true and apparent leg length, followed by clinical assessment of Assessing reproducibility for radiographic measurement of leg length inequality after total hip replacement where in the lower limb the inequality arises. This is in the context of multiple studies showing clinical measurement to be accurate only to within 10 mm or more (14) (15) (16) . It is important therefore that any LLI is quantified accurately, this is usually achieved through radiology. While computed tomography (CT) is considered the gold standard for the radiologic measurement of leg length inequality, the cost and increased exposure to ionizing radiation make CT use unsafe and impractical to perform routinely. A plain antero-posterior (AP) radiograph of the pelvis and both hips is usually performed. Postoperative LLI has been classified according to underlying cause by Parvizi et al. A type 1 structural LLI, exists where the components are directly responsible for the lengthening, for example when a stem has not been fully inserted and is proud. A type 2 structural LLI occurs when lengthening is accompanied by component malposition, for example when poor component version mandates increased soft tissue tension for stability with resulting Reproducibility of radiographic measurement of LLI lengthening (2) . It is vital to accurately identify the cause of the LLI, as revision of the either the wrong component in a type 1 or a single component in a type 2 can result in an unstable prosthesis, which will require further revision surgery. A literature review identified 35 papers that specifically discussed the radiographic measurement of LLI. Thirteen of the 35 papers (5, 17-28) described a method that creates a reference between the most inferior part of the acetabular teardrop (T) and measures the perpendicular distance to the centre of the lesser trochanter (LT) (24) ( Fig. 1) . A further 15 of the 35 (2, 3, 14, 29-40) described a met hod of measuring LLI by creating a bisecting inter-ischial line (II) through the inferior part of the ischial tuberosities and measured the perpendicular distance to the most medial portion of the lesser trochanter 'II-LT method' (34) (Fig. 2 ). While both methods were regularly described as 'validated' there was very little documentation of the validation process. The remaining papers in the review used varying techniques such as scanogram (15, 41) , a mercury spirit level (42) , and different radiographic markers including the method used in this study (4, (43) (44) (45) . This study aimed to assess formally the reliability of methods for quantifying post total hip replacement (THR) leg length inequality described in the literature and compare them with methods used in our unit.
METHODS
The radiographs of 35 patients, originally taken as part of the routine follow-up, were extracted from the case notes of patients attending the senior author's (MHS) outpatient arthroplasty clinic. Ethical approval was provided by the Leeds West NHS ethics committee and all images were obtained from patients who had given prior consent for use for research purposes. Radiographs were taken according to the local standardised operating protocol, with the patient in a supine position with both hips resting in internal rotation. A 25 mm calibration ball (AGFA, Wilmington, MA) was placed in the groin at the same height above the table as the greater trochanter and the image centred on the pubic symphysis. Four methods of quantifying LLI from AP radiograph were used. The two methods prominent in the literature (T-LT and the II-LT) and two further methods, the first which utilises described radiographic markers, the centre of femoral rotation (CFR), the teardrop and the centre of the lesser trochanter (43, 44) using a method where by the reference line bisects the centre of femoral rotation des cribed in (46) (Fig. 3) . The fourth method used CFR and LT references, but instead of constructing parallel lines, was derived as a simple, direct measure of the distance between the two points ( Fig. 4) .
Fig. 1 -The T-LT (Woolson) method. Described by Woolson et al, reference line is drawn through the most inferior part of the acetabular teardrops (T).
Two lines parallel to this are drawn through the centre of the lesser trochanter (LT). The difference in the perpendicular distance between the two lines (Wo A -Wo N ) is defined as the leg length inequality.
Fig. 2 -The II-LT (Williamson) method. Described by Williamson et al, reference line tangential and parallel to the most inferior portion of the ischia. Two further parallel lines are drawn and the perpendicular distance between the lines measured, the difference between the two measurements (Wi
A -Wi N ) is the LLI.
McWilliams et al
The measurements, to the nearest millimeter, were made by two senior consultant musculoskeletal radiologists (AJG and PJO) using a PACS system (AGFA, Wilmington, MA). The original 35 radiographs were measured using the four methods. Subsequently 10 of these radiographs were picked at random and re-read after at least three months. Finally, to explore the reliability of the acquisition protocol in addition to reader consistency, in 24 radiographs of patients who had undergone serial imaging but no further surgery in the interim, follow-up images were also measured and compared with baseline radiographs. Data were analysed using SPSS v16 (IBM, New York, USA) and reliability was quantified through the generation of Intra Class Correlation Coefficients (ICC) and Limits of Agreement. ICC model 3,1 was used to determine interreader reliability and ICC model 1,1 was used to evaluate between-day reliability and consistency in measurement from serial images.
RESULTS
Of the 35 patients in our sample, five patients (14%) had native hips, 21 patients 60% had a undergone unilateral total hip replacement and nine patients (26%) had received bilateral hip replacements. For the subset of 24 in whom serial radiographs were obtained, the mean time between the first and second x-ray was 393 days (0-7052 days). The ICCs for inter-reader reliability are summarised in Table I . All four methods show high ICCs for inter-reader agreement (>0.9) and limits of agreement between raters of <10 mm. When measuring intra-reader reliability for the same radiograph when assessed at two different time points, the Direct CFR-LT and the CFR-T-LT methods performed slightly better than the II-LT and T-LT methods (Tab. II). In the subset of 24 radiographs taken on two different occasions (Tab. III), the variability of the acquisition protocol combined with reader variation increased error such that all four techniques exhibited only moderate reliability. Reproducibility of radiographic measurement of LLI the method. We found no substantive data in the literature describing the error or reliability of these widely used techniques and, to our knowledge, ours is the first study to compare techniques directly. In interpreting the agreement data, the radiologists commented that it was occasionally difficult to identify the acetabular tear drop where, for instance, a cemented cup was used. Additionally it was felt harder to accurately identify the centre of rotation in the native, generally arthropathic, femoral head. In this study, no allowance was made for the rotation of the pelvis, or for flexion, abduction or adduction and all measures were acquired and measured according to standard clinical protocols. With two point measurement methods, trigonometry dictates that a fixed flexion deformity of, for instance, 25° will result in a reduction in measured LLI of approximately 10%. Conversely, when using the centre of femoral rotation as a reference, adduction and abduction deformities will introduce only minimal error when measuring relative to a fixed reference on the femur. Factors such as patient position when supine for the radiograph and the relative positions of the calibration ball, tube and radiographic plate are all potential sources of reduced reliability. It is clear that despite clinical protocols for AP pelvic/hip radiography direct comparison of measurements for LLI for any method should be made with caution. Greater accuracy can be achieved using more detailed CT or MRI imaging, however, this study explored the real-world reliability of the more common place and economical radiographic techniques for LLI assessment. All four methods investigated were comparable for interreader and intra-reader reliability of measures taken from the same films, and for intra-reader reliability of radiographs taken at different occasions. While all methods proved satisfactory for assessing LLI overall, the CFR-T-LT method has the potential extra advantage of being able to distinguish between LLI caused by cup position and LLI caused by stem position. If the limb is left long (i.e. O A is greater than O N ) and it is due to the stem, measurement S A will be greater than S N . However if the lengthening is due to the cup position, the measurement C A will be smaller than C N . The authors propose that using the method of measuring from the centre of femoral rotation to the inferior teardrop and then to the lesser trochanter (CFR-T-LT method) for the assessment of leg length inequality provides comparable accuracy to existing methods and is able to differentiate problems caused by the cup, stem or both, which aids discrimination between a type 1 and 2 structural LLI.
Fig 4 -The CFR-T-LT Method. An initial reference line is drawn between the centres of femoral rotation. Two further lines are drawn parallel to this. The first at the level of the most inferior part of the acetabular teardrop to give measurement C, which corresponds to any inequality (C A -C N ) due to the position of the cup. The second is at the level of the centre of the lesser trochanter to give measurement S, which corresponds to inequality (S A -S N ) due to position of the stem. The sum of the two is measurement O which corresponds to the overall leg length inequality (O A -O N ).

Fig. 3 -The CFR-LT method. This is a measurement of the straight line distance between the femoral centre of rotation and the apex of the lesser trochanter. The difference in the measurement for both hips is the leg length discrepancy.
DISCUSSION
With the broadening of the indications for THR and increase in patient expectation, leg length inequality following total hip replacement is likely to receive more attention.
The precise nature of the association between LLI following total hip replacement and symptoms remains unclear, with a range of studies producing inconclusive or conflicting results (2, 4, 5, 13) . This variability is due, at least in part, to a lack of consensus over measurement techniques and resulting definitions. The current study focuses on the error in radiological measurements made around the hip that can confound the identification of leg length inequality. While there is no single agreed method for the measurement of LLI on a plain AP radiograph, the literature has focused primarily on two methods, the Teardrop to Lesser Trochanter (T-LT) and the Inferior Ischia to Lesser Trochanter (II-LT) methods, often referred to as the Woolson and Willamson methods respectively. Despite the widespread use of these techniques in clinical practice and research there is little published validation of 
CONCLUSION
In conclusion, the data provide support for measurement from the centre of femoral rotation to the inferior teardrop and then to the lesser trochanter (CFR-T-LT method) as a suitable method to quantify post THR limb length inequality. We have provided the first direct comparison of the methods currently in common use and conclude that all the methods described previously, including the new method, demonstrate comparable reliability. The CFR-T-LT method has the added advantage of differentiating between cup or stem position as the cause of any LLI.
